Background: Augmented renal clearance (ARC) is common in critically ill patients and could result in subtherapeutic antibiotic concentration. However, data in the Asian population are still lacking. The aim of this study was to explore the incidence and risk factors of ARC and its effect on β-lactam pharmacokinetics/pharmacodynamics (PK/PD) in Asian populations admitted to a medical ICU. In addition, we evaluated the appropriateness of using three estimated glomerular filtration (eGFR) formulas [Cockcroft-Gault (CG), Modification of Diet in Renal Disease (MDRD), and the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)] as screening tools. Methods: We measured 2-, 8-, and 24-hr creatinine clearance (CL Cr ) and calculated eGFR by using three formulas for each. ARC was defined as CL Cr24hr >130 mL/min/1.73 m 2 . Concentrations at the mid-dosing interval and prior to the next dose were collected if patients received the β-lactam antibiotic of piperacillin/tazobactam, cefepime, and meropenem, to determine the PK/PD index of fT > MIC. Multiple logistic regression analysis was conducted to identify the risk factors for ARC. Pearson correlation coefficient and the Bland and Altman method were applied to assess the accuracy of CL Cr2hr , CL Cr8hr , and eGFR for predicting ARC. Results: Of 100 patients, 46 (46%) manifested ARC. Younger age (<50 years) and lower Sequential Organ Failure Assessment score increased the likelihood of ARC. ARC resulted in a low chance of achieving 50% fT >4MIC (33% vs 75%, p<0.01), 100% fT > MIC (23% vs 69%, p<0.01), and 100% fT >4MIC (3% vs 25%, p<0.02). CL Cr8hr wielded the best correlation and agreement with CL Cr24hr . eGFR CG was the most appropriate screening tool, and the optimal cutoff value for detecting ARC was 130.5 mL/min/1.73 m 2 .
Introduction
Pharmacokinetic (PK)/pharmacodynamic (PD) profiles of drugs differ considerably between critically ill patients and healthy subjects. In patients with profound shock, tissue hypoperfusion causes organ damage, which could reduce drug elimination, and thus reducing the drug dosage is necessary. 1 By contrast, systemic inflammatory response syndrome, resuscitation, and vasopressor use increase cardiac output, which may increase organ perfusion and lead to excessive drug elimination.
Augmented renal clearance (ARC) is a state of increased renal drug excretion that has been described and is defined by a creatinine clearance >130 mL/min/1.73 m 2 .
3 ARC leads to a low concentration of antibiotics such as β-lactam, which may be associated with poor clinical outcomes. 4 The incidence of ARC in the intensive care units (ICUs) is approximately 30-65% in previous studies. 3, 5, 6 Until now, only one ARC study was conducted in the Japanese population; however, it only demonstrates the incidence of ARC without exploring its effect on antibiotics. 7 Studies on the occurrence of ARC and its influence on the PK/PD of β-lactam antibiotics in Asian populations admitted to medical ICU are lacking. The gold standard measurement for the assessment of renal function is glomerular filtration rate (GFR) with exogenous markers such as inulin or radiocontrast agents like iohexol or iothalamate. 8 The advantage of radiocontrastis that it only needs to collect blood sample, which is more convenient than inulin use which needs both plasma and urine sample. 8 However, exogenous markers are still not routinely used in the ICU because it is more complex and expensive. 9 Measurement of 24-hr creatinine clearance (CL Cr24hr ) is a surrogate for exogenous markers, but it is not useful for meeting the need for timely detection of ARC in clinical practice. Recent studies have shown that 2-hr creatinine clearance (CL Cr2hr ) and 8-hr creatinine clearance (CL Cr8hr ) measurements had a strong correlation with CL Cr24hr measurement in patients with trauma and undergoing surgery and could be optimal surrogates for detecting ARC. [10] [11] [12] Clinically, estimated GFR (eGFR) is most commonly calculated using serum creatinine (S Cr ) and different formulas such as Cockcroft-Gault (CG), Modification of Diet in Renal Disease (MDRD), and the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI). [13] [14] [15] Although studies have shown that these formulas could be effective screening tools for identifying ARC, they are still not validated in medical ICU patients. 5, 7 Therefore, the primary aims of this study were to explore the incidence and risk factors for ARC and its effect on the PK/PD of β-lactam antibiotics. In addition, we evaluated the accuracy of CL Cr2hr , CL Cr8hr , and GFR estimated using three commonly used formulas for medical ICU patients. Finally, we clarified the association between ARC and eGFR by using the CG, MDRD, and CKD-EPI methods, separately, to elucidate whether they could be suitable screening tools for patients with ARC admitted to the medical ICU.
Methods

Study population
This prospective observational study was conducted from August 2017 to May 2018 at National Taiwan University Hospital (NTUH), which is a tertiary referral center with a 39-bed medical ICU in northern Taiwan. This study was approved by the Institutional Review Board (201605033RIND) of NTUH, and written informed consent was acquired from all participants or a legal representative. This study was conducted in accordance with the Declaration of Helsinki. We enrolled adult patients (≥20 years) without chronic kidney disease who had a Foley catheter and stayed in the medical ICU for more than 24 hrs. Patients were excluded if they suffered from acute kidney injury, which was defined by S Cr increase at least 0.3 mg/dL within 48 hrs, or received renal replacement therapy for acute illness. 16 A standardized case report form was used to collect data concerning demographic characteristics (sex, age, height, and weight), S Cr on admission, enrollment day and 1 day after the enrollment day, Charlson comorbidity index (CCI) scores and underlying diseases, Acute Physiologic Assessment and Chronic Health Evaluation (APACHE) II scores (24 hrs within ICU admission), Sequential Organ Failure Assessment (SOFA) scores on the date of enrollment, ICU admission indication, and ICU mortality. If patients were prescribed a β-lactam antibiotic, namely piperacillin (PIP)/tazobactam (TZP), cefepime (FEP), or meropenem (MEM), the dose, frequency, infusion time, duration, and microbiologic data were also recorded.
ARC evaluation
Urine samples were collected at 0-2, 0-8, and 0-24 hrs after enrollment. Urine creatinine (U Cr ) at 2, 8, and 24 hrs and S Cr on enrollment day and the next day were measured using a colorimetric method. Serum creatinine on enrollment date was used to calculate CL Cr2hr and CL Cr8hr . Average of S Cr on enrollment date and the next day was used for CL Cr24hr β-lactam antibiotic sampling Blood samples were collected if patients received TZP, FEP, or MEM. Empirical dose selection was performed at the discretion of the treating physician or as suggested by a clinical pharmacist and depended on the severity of illness and infection site. The usual dose of TZP, FEP, or MEM is 4.5 g q6h, 2 g q8h, and 1 g q8h for CL Cr >40, 60, or 50 mL/min, respectively, in our institution. Two blood samples were drawn at the middosing interval and immediately prior to the next dose after at least four prior doses had been administered and within the 24-hr urine collection period, a sequence which was used to ensure that all samples were collected during the steady state. Total plasma concentrations of each antibiotic were determined, and free plasma concentrations of each antibiotic were calculated by multiplying the unbound fraction of each antibiotic (PIP: 70%, FEP: 80%, MEM: 98%).
β-lactam antibiotic assay
PIP, FEP, and MEM and their internal standard, piperacillin-d5 (PIP-d5), cefepime-d3 (FEP-d3), and meropenemd6 (MEM-d6) were prepared separately in methanol at concentrations of 1000 μg mL −1 as stock solutions.
Working solutions were prepared by diluting the stock solutions in 50% MeOH. Aliquots of the working solutions containing PIP, FEP, and MEM were added in plasma containing internal standard to obtain solutions at concentration of 300, 500, 1000, 5000, 25,000, 75,000, 150,000, and 250,000 ng mL −1 to construct the calibration curves.
To prepare the sample solution, a 10-μL aliquot of plasma was diluted with 90 μL of methanol-containing internal standard, and the final concentration of the internal standard was 100 ng mL
. The deproteinized sample was centrifuged at 15,000 rpm for 5 mins. Two hundred microliters of deionized water was added to 50 μL of supernatant, which was then filtered through a 0.22-μm syringe filter (RC-4, Sartorius, Göttingen, Germany) prior to the LC-ESI-MS analysis.
The instrument used for PIP, FEP, and MEM quantification was an Agilent 1290 U-HPLC system coupled with an Agilent 6460 triple quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). The injection volume was 5 μL. Separation was performed using a Kinetex™ column (2.1×50 mm, 2.6 μm; Phenomenex, Torrance, CA, USA). The analytical column was maintained at 40°C. The mobile phase consisted of 0.1% aqueous formic acid (solvent A) and 0.1% formic acid in ACN (solvent B). The flow rate was 0.3 mL min Quality control samples were arranged within every 10 sample analysis. The precision and accuracy of the quantification method were 2.6-7.6% and 91.9-102.2%, respectively. The regression coefficients of the calibration curves within the range of 500-150,000 ng mL
were all higher than 0.995. The limits of detection of PIP, FEP, and MEM were 100, 150, and 100 ng mL −1 , respectively. The lower limit of quantitation of each drug was 500 ng mL −1 .
PK and PD analysis
For β-lactam antibiotics, 50% of the time above the minimum inhibitory concentration (fT > MIC) is the minimum requirement to ensure clinical efficacy. 18 According to a recent report, a more stringent target of 50% fT >4MIC, 100% fT > MIC, or 100% fT >4MIC was associated with a more favorable clinical outcome. 18, 19 Therefore, we analyzed the results either in terms of a conservative 50% fT > MIC or a more aggressive target of 50% fT >4MIC, 100% fT > MIC, and 100% fT >4MIC. Because Pseudomonas aeruginosa is the most virulent pathogen in the medical ICU and causes high rates of ICU mortality, we adopted the clinical breakpoint of this pathogen as the target MIC. 20 The MIC thresholds for this pathogen are as follows: ≤16 mg/L for TZP, ≤8 mg/L for FEP, and ≤2 mg/L for MEM. We classified each patient as having an adequate or inadequate PK/PD target (attainment: 50% fT > MIC, 50% fT >4MIC, 100% fT >MIC, and 100% fT >4MIC) according to the percentage of time during which serum drug concentrations remained above the clinical breakpoint for P. aeruginosa.
Statistical analysis
Continuous and categorical data were described as median with interquartile and number with percentage, respectively. The Mann-Whitney U test was used to assess continuous data, and either a Chi-square or Fisher's exact test was used for assessing categorical data. A multivariate logistic regression model (single step, forced entry) was constructed to identify the predictors of ARC by using variables for which the p-value was <0.1 in the univariate analysis. Based on a previous study, age was a significant predictor for ARC, especially when age was <50 years. 21 Therefore, we set age as a dichotomous variable (<50 or ≥50) when constructing the regression model. Goodness of fit was assessed using the Hosmer-Lemeshow statistic. 22 The correlations between CL Cr2hr , CL Cr8hr , GFR CG , GFR MDRD , GFR CKD-EPI , and CL Cr24hr were assessed using the Pearson correlation coefficient (r). Bias was defined as the mean difference between CL Cr2hr , CL Cr8hr , GFR CG , GFR MDRD , GFR CKD-EPI , and CL Cr24hr . The Bland and Altman method was used to assess bias and 95% limits of agreement (bias ±1.96 SD) among CL Cr2hr , CL Cr8hr , GFR CG , GFR MDRD , GFR CKD-EPI , and CL Cr24hr.
23
A receiver operating curve (ROC) analysis was performed to examine the accuracy of GFR CG , GFR MDRD , and GFR CKD-EPI for predicting ARC occurrence.
A p-value of ≤0.05 was considered statistically significant. The statistical analysis was performed using SPSS 18 (SPSS Inc, Chicago, IL, USA).
Results
We enrolled 100 patients who were consecutively admitted to the medical ICU, of which 46 patients (46%) had ARC (Table 1) . No significant differences in demographics, except age and S Cr , were observed between these two groups. The ARC group was significantly younger than the non-ARC group (52 vs 64 years, p=0.02) and had a lower value of S Cr (0.4 vs 0.6 mg/dL, p<0.001). The use of a loop diuretic was lower in the ARC group than that in the non-ARC group (15% vs 33%, p=0.04). The ICU mortality was not significantly different in ARC and non-ARC group (26% vs 32%) for patients who had cultures yielding β-lactam-susceptible pathogens.
A multivariate analysis was performed to examine the determinants associated with ARC. Younger patients (<50 years) with a lower SOFA score exhibited a significantly increased risk of ARC. By contrast, loop diuretic use reduced its occurrence (Table 2) .
Sixty-two patients received β-lactam antibiotics and were included in the PK/PD analysis. No significant difference was observed between the ARC and non-ARC groups with respect to achieving a conservative target of 50% fT > MIC (90% vs 100%). However, if the target was more stringent, patients with ARC were less likely to achieve this target compared with those without ARC (33% vs 75% for 50% fT >4MIC, p<0.01; 23% vs 69% for 100% fT > MIC, p<0.01; 3% vs 25% for 100% fT >4MIC, p<0.02; Figure 1 ). More patients achieved the PK/ PD target of 100% fT > MIC in patients with ICU survival than those with ICU mortality (64% vs 23%, p<0.01).
Compared with CL Cr24hr , the r values of CL Cr2hr , CL Cr8hr , GFR CG , GFR MDRD , and GFR CKD-EPI were 0.80, 0.88, 0.72, 0.58, and 0.58, respectively (Figure 2 ). In addition, the bias and 95% limits of agreement were 9 (−107 to 125), 9 (−58 to 76), 3 (−103 to 109), 47 (−139 to 233), and −25 (−133 to 83) mL/min/1.73 m 2 for CL Cr2hr , CL Cr8hr , GFR CG , GFR MDRD , and GFR CKD-EPI , respectively ( Figure 3 ). The ROC analysis was conducted to evaluate the performance of ARC by using GFR CG , GFR MDRD , and GFR CKD-EPI ( Table 3 
Discussion
To the best of our knowledge, this is the first study of ARC that focused on Asian ICU population to demonstrate its effect on the β-lactam concentration. Previous studies have shown that the incidence of ARC in the ICU was approximately 30-65%. The incidence of ARC in our study was 46%, which is comparable to that in previous studies. Young age and low disease severity were identified as independent factors Abbreviations: ARC, augmented renal clearance; APACHE II, Acute Physiologic Assessment and Chronic Health Evaluation; BSA, body surface area; S Cr , serum creatinine; SOFA, Sequential Organ Failure Assessment; CL Cr2hr , creatinine clearance through 2 h urine collection; CL Cr8hr , creatinine clearance through 8 h urine collection; CL Cr24hr , creatinine clearance through 24 h urine collection; GFR CG , glomerular filtration rate through Cockcroft-Gault Method; GFR MDRD , glomerular filtration rate through Modification of Diet in Renal Disease; GFR CKD-EPI , glomerular filtration rate through Chronic Kidney Disease Epidemiology Collaboration.
for ARC in our study, which was compatible with previous studies that determined that ARC was more common in relatively young patients and patients with a relatively low disease severity because of higher physiological reserves. 3, 5, 24 When patients are older or have a severe illness, physiological reserves decrease, which may lead to renal hypoperfusion, reducing the risk of ARC. By contrast, patients receiving diuretics are less likely to manifest ARC. Studies that used mannitol have found that postsurgery patients and patients with severe injuries demonstrate an increase in GFR, but this result was not found for furosemide use. 25, 26 In addition, furosemide did not increase the renal blood flow or exhibit the potential to reduce intravascular volume, both of which may reduce the risk of ARC. 27 Besides, diuretic use may be an early sign of ongoing kidney dysfunction, which implies the risk of acute kidney injury instead of ARC. ARC can be the consequence of the inflammatory state and therapeutic intervention provided, which is commonly seen in critically ill patients. 2 Sepsis is the leading cause of mortality in critically ill patients; as a result, optimal antibiotic PK/PD is paramount for achieving favorable outcomes. 28 For the class of β-lac- favorable clinical outcome; therefore, 100% fT > MIC was recommended as the target for treating severe infections in patients with severe illnesses. 18 The optimal goals of antibiotic PK/PD in ICU patient groups are markedly different from those in the general population and may vary in different clinical situations. 1 In patients with acute kidney injury, the kidney reduces antibiotic excretion, and thus a reduced antibiotic dosage is required. Yet, ARC reflects supranormal renal excretion of substances, which could lead to subtherapeutic drug exposure if the drug is primarily eliminated through the kidney, thereby reducing the chance to achieve higher PK/PD targets such as 100% fT > MIC of β-lactam antibiotics. 4, 29 Previous studies have demonstrated that ARC is associated with therapeutic failure and recurrent infection by subtherapeutic antibiotic exposure in surgical and trauma ICU. 4, 30 administration such as extended or continuous infusion to achieve adequate PK/PD targets. 31 Our results demonstrated that patients with ARC had a lower chance of achieving 100% fT > MIC than those without ARC. 29 However, it did not lead to worse clinical outcome in patients with ARC. The lower mortality in the ARC group may be attributable majorly to their young age and lower disease severity instead of the influence of antibiotic PK/PD. Further prospective study to explore the relationship of ARC on clinical outcome in medical ICU population is still warranted. Timely assessment of renal function to detect ARC is pivotal for dose adjustment of antibiotics and improving clinical outcomes. The CL Cr24hr is the most commonly used method to evaluate renal function; however, it has a long calculation time. Studies have shown that CL Cr2hr and CL Cr8hr have a strong correlation with CL Cr24hr in critically ill patients and patients with trauma. 11, 12 Our findings demonstrate that CL Cr8hr has the best correlation and agreement with CL Cr24hr in medical ICU patients.
Compared with CL Cr8hr , estimated GFR by formula had a weaker correlation and agreement with CL Cr24hr . This conclusion is consistent with those of previous studies that indicated that the renal function estimated using formulas was not reliable for accurately evaluating renal function in ICU patients. 6, 32, 33 function, and the finding is consistent with that of Grootaert et al but not with that of Baptista et al. 6, 33 This difference could be explained by the heterogeneity of the patient population. The age, body weight, disease severity, and diagnosis were different in these studies. The cautious use of GFR CG and GFR MDRD formulas for estimating eGFR in critically ill patients is highly recommended.
Despite the lack of accuracy of assessing renal function by using eGFR, it could be used as a screening tool for ARC. Considering the AUCs as well as the sensitivity and the specificity of these formulas, GFR CG , with a cutoff value of 130.5 mL/min/1.73 m 2 , was found to be slightly more efficient than GFR MDRD and GFR CKD-EPI . Because of the poor correlation of eGFR and measured creatinine clearance, measured creatinine clearance should be used to adjust the drug dosage after identifying patients with ARC. We determined that CL Cr8hr could be applied in medical ICU patients because of its good correlation, low bias, and appropriate precision compared with CL Cr24hr . The short duration needed for urine collection means it could provide a timely assessment of renal function and enable the prompt adjustment of drug dose to achieve higher antibiotic PK/PD. This study had several limitations. First, the measurement of GFR with exogenous substances such as inulin or radiocontrast agents is the gold standard for the assessment of renal function, but it is not routinely performed due to practical limitations. 9 Carlier et al compared different equations to assess GFR and reported that CL Cr24hr had the strongest correlation to inulin clearance in ICU patients. 10 Therefore, using CL Cr24hr as the surrogate might be reasonable. Second, this was a single-center observational study that included a limited number of study participants.
Further, large prospective studies are warranted to confirm the results demonstrated by this study. Third, we only measured the total concentration of β-lactam instead of the free-form concentration, which is the active moiety because of technical limitation. Therefore, we used the unbound fraction of each antibiotic to calculate the free-form concentration, which is more accurate to evaluate PK/PD target than that by total concentration. Last, due to the small sample size, we cannot demonstrate the causal relationship between PK/PD of antibiotics and the clinical outcomes.
Conclusion
ARC was common in critically ill Asian patients admitted to the medical ICU, especially in patients aged <50 years and with a relatively low disease severity. Patients with ARC have a low chance of achieving adequate PK/PD targets. GFR CG could be a more efficient screening tool for ARC. If medical ICU patients are suspected to have ARC, CL Cr8hr could further be applied to assess renal function adequately and in a timely manner, and the antibiotic dose could be accordingly adjusted.
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